Although condensed tannins (CTs) are known to reduce forage intake by mammalian herbivores in controlled experiments, few studies have tested these effects in the field. Thus the role of CTs on foraging ecology of free-ranging herbivores is inadequately understood. To investigate the effects of CTs under natural savanna conditions, we pre-dosed groups of goats with polyethylene glycol (PEG, a CT-neutralising chemical), CT powder or water before observing their foraging behaviour. While accounting for the effects of season and time of the day, we tested the hypothesis that herbivores forage in ways that reduce the intake rate (g DM per minute) of CTs. We expected pre-dosing goats with CTs to reduce CT intake rates by (1) consuming diets low in CTs, (2) reducing bite rates, (3) increasing the number of foraging bouts, or (4) reducing the length of foraging bouts. Lastly, (5) expected CT to have no influence the number of dietary forage species. In both wet and dry seasons, pre-dosing goats with CTs resulted in lower CT consumption rates compared to PEG goats which seemed relieved from the stress associated with CT consumption. During dry season, the number of dietary forage species was similar across treatments, although goats that were dosed with PEG significantly increased this number in the wet season. Dosing goats with PEG increased the number and length of browsing bouts compared to goats from the other treatments. Pre-loading goats with PEG also tended to increase bite rates on browse forages, which contributed to increased consumption rates of CTs. Based on the behavioural adjustments made by goats in this study and within the constraints imposed by chemical complexity in savanna systems, we concluded that herbivores under natural conditions foraged in ways that minimised CTs consumption. More research should further elucidate the mechanism through which CTs regulated feeding behaviour.
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Introduction
Condensed tannins (CTs) are widely distributed among the nutritionally important forages in the African savanna rangelands [1, 2] , and their consumption by mixed feeding and browsing herbivores is unavoidable [3, 4, 5] . To reduce the deleterious effects of dietary CTs, herbivores are purported to regulate their daily intake of browse species such that CT intake is minimized without compromising the overall dry matter intake [6, 7] . Although intake regulation of CTs is expected to involve altering of meal patterns, these short-term alterations are not clearly understood. Feeding experiments show captive herbivores to reduce the intake rate (g DM per minute) of forages containing compounds with known anti-nutritional, toxic or digestibilityreducing effects [8, 9] .
The length of feeding bouts has been reported to be shorter for animals exposed to toxincontaining forage sources than those exposed to toxin-free forages [8, 10, 11] . Marsh et al. [9] reported high concentrations of formylated phloroglucinol compounds to cause koalas to eat more slowly, eat shorter meals and eat less per meal. Moreover, Wiggins et al [6] indicated that plant secondary metabolites not only constrain overall intake, but also alter feeding behaviour of the animals. Altered feeding patterns are believed to reduce the negative influence of PSMs on intake [12, 13] . However, we know of no rigorous tests of these short-term behavioural alterations over the timescale of feeding bouts and inter-bout intervals with regard to CTs [8] . Given that rumen microbes are not capable of degrading CTs [14, 15] , these compounds are unlikely to be absorbed and transported to liver cells, and therefore may not induce foraging alterations similarly to the PSMs (i.e. toxins) that are detoxified through activation of liver enzymes [16] . Therefore, CTs are different from toxins and are expected to affect foraging behaviour differently.
Forages that are rich in CTs likely require longer chewing and digestive processing time than similar forages that contain little or no CTs [17] . Thorough chewing by herbivores with CT-binding salivary proteins [18, 19, 20] is required to facilitate effective insalivation of food during mastication, which may lower intake rates (g DM per minute) through reducing the bite rates [8] . Moreover, in the presence of CTs in the rumen (pH 5.5-7.0), most of the dietary proteins and carbohydrates remain bound and protected from microbial degradation [21] . However, some of the bound protein are released later in the abomasum (pH 2.5 to 5.1) enabling protein digestion and amino acid absorption in the small intestines [22] . We therefore, hypothesized that herbivores foraging in African savanna rangelands that are dominated by CT-rich woody plants would forage in ways that reduce their intake rates (g DM per minute) of CTs.
Mixed feeders are known to consume varied diets (i.e. mixed diets) as a means to maintain high forage intake from plants that are rich in different secondary metabolites while avoiding excessive ingestion of individual plant secondary metabolites [23] . This has been explained in terms of the detoxification limitation hypothesis [24] which predicts varied diets to spread detoxification of toxins over many metabolic pathways, thereby reducing constraints on liver enzymes and substrates [25] . While this hypothesis has been tested mostly on toxins [9, 26, 27] , the extent to which CTs influence the number of dietary species and diet composition in the field is poorly understood. Savanna rangelands are complex systems characterised by many plant species. These plants are likely defended by a complex and diverse myriad of chemical compounds [28] which makes it almost unlikely to completely isolate the effects of CTs from other tannins and phenolic compounds especially in the field [29, 30] . However, while savanna plants use various chemicals to defend against herbivory, CTs have been extensively reported as the most abundant chemical defence against mammalian herbivores in the African savannas [31, 32, 33, 34] . Given that CTs are not toxic and thus are not detoxified via the liver, we would not expect goats that are foraging in CT-rich environments to increase dietary species diversity. Instead we predicted goats in the African savannas to deal with CT constraint by switching their diets from CT-rich to CT-poor forages.
To determine the effects of CTs on short-term foraging behaviour and diet composition of free-ranging goats in a semi-arid African savanna, we pre-dosed goats with (1) polyethylene glycol (PEG, an anti-tannin agent dissolved in water), (2) CT powder dissolved in water or (3) only water. While accounting for the effects of season and time of the day, we tested the hypothesis that free-ranging goats in the African savannas forage in ways that reduce the intake rate of CTs. To some extent, these treatments attempted to change animal exposure to CTs while leaving exposure to other compounds unaltered. We predicted that pre-dosing goats with CTs will lead to (a) maintain the number of dietary forage species, (b) consumption of diets lower in CTs (c) reduction in bite rates, (d) increase in number of foraging bouts, or (e) reduction in foraging bout length. We defined a bout as a period of continuous foraging on a particular forage species separated by either a non-foraging activity [35] or by foraging on a different plant species. We used goats as an important model organism for understanding feeding behaviour of mixed feeders, such as impala, lamas, steenbok, deer or eland [36, 37] .
Materials and methods

Study area
We carried out a field experiment at the Roodeplaat Experimental Farm located in Pretoria, South Africa (25˚20´-25˚40´E; 28˚17´-28˚25´S). The climate is semi-arid with a mean annual rainfall of 646 mm and mean daily maximum temperatures between 20-29˚C in January and 2-16˚C in July [38] . The main wet season occurs from November to April, and the dry season starts in May and reaches its peak in July. The vegetation of the farm falls within the savanna biome and is classified as Marikana Thornveld [39] . The rangeland is dominated by Acacia karroo, Acacia tortilis, Ziziphus mucronata and some Euclea species. Nomenclature of plants followed Coates Palgrave [40] .
Study design
Forty five (45) indigenous yearling female goats ranging from 8 to 12 months old with an initial body weight of 14.9 (standard deviation ± 3.7) kg were used in this experiment. All study goats were sourced from the experimental farm of the Agricultural Research Council in Pretoria and they were allocated to three treatment groups such that all groups had an equal number of goats (N = 15) and a similar mean body weight. Fifteen goats received a daily oral dose with 20g of polyethylene glycol (PEG 6000) dissolved in 50 ml of water whereas another 15 were dosed with 50 ml of water plus 20 g of CT extract (from mimosa bark) (MIMOSA Extract Company (Pty) Ltd., Pietermaritzburg, South Africa) and the last 15 received 50 ml of water (control) before they were released to the field. The mimosa extract was obtained from the bark of the Black Wattle (Acacia mearnsii) tree and contained a minimum of 66% CTs on dry matter basis. Three grazing camps/paddocks of similar size (1.8 ha) were fenced and stocked with 15 goats (i.e., 5 from each treatment group) daily from 08:00 until 16:00. All study goats were treated for internal and external parasites before the experiment and had ad libitum access to water throughout the experiment. From 08:00 onwards, all goats were allowed to forage freely in the field until 16:00 when they were corralled to avoid predation. The goats were corralled 1.2 km away from the camps and they received free-access to water and no feed while in the corral. The experiment was approved by the Animal Ethics Committee of the ARC under permit number: APIEC11/039.
Data collection
The foraging behaviour of goats in the field was recorded during the dry (June-August 2012) and wet (January-March 2013) seasons. To aid easy identification during observations, we marked all study goats with paint on the flanks. To habituate the goats to the presence of observers and to allow close monitoring of behaviour, we subjected them to a two week conditioning period before the actual observations. On each day of the actual observation, nine goats (i.e., 3 from each treatment group) were randomly selected and observed. The three goats observed per treatment group would be foraging in different paddocks. Of the nine goats observed each day, three (one from each treatment group) were observed in the early morning (08:00 to 10:30), three observed in the late morning (10:30 to 12:00) and the other three observed in the afternoon (12:00 to 15:30).
One observer followed each goat for fifteen minutes, while assisted by one recorder throughout the experiment. The same team observed and recorded the foraging behaviour throughout the experiment. Per observation, we identified and counted the number of dietary forage species, and recorded the date, starting time, treatment, paddock and the goat number for each observation. The observations were conducted for thirty days and thus a total of 270 observations lasting 15 min each (i.e., 9 observations per day x 30 days) were made per season. We used the Observer XT 10.5 [41] in combination with a Psion Work-about handheld computer [41, 42] to record the forage species being eaten, bite rate (number of bites per minute during foraging), number of times a goat foraged from each species (number of bouts) and the amount of time (seconds) the goat spent on each foraging bout (bout length). Grazing was recorded as one species (i.e., "grass") without distinguishing the different species.
To estimate the tannin concentration [CT] of the diet consumed by the study goats, we sampled leaves of all plant species included by goats in the diet, and analysed them for CTs. In each season, a minimum of 8 leaf samples (each with fresh weight of 20g) were collected from unbrowsed branches at about 1.2 m height or lower. Collected leaves were oven-dried at 60 o C till completely dry. Dried samples were finely ground to pass through a 1mm screen and stored in plastic honey jars pending chemical analysis. Condensed tannins were determined using the acid-butanol assay method [43] . Since it was not possible to purify all forage species consumed by goats, a purified sorghum was used a standard for CT estimation [44] . This analysis allowed us to estimate the [CTs] (mg/g equivalent on dry matter basis) for each plant species, which we further report as [CTs] (mg/g). Sampling was carried out during dry and wet season separately and the lab analyses were conducted at the Botany laboratory of the Department of Biological Sciences, University of Cape Town.
To estimate the amount of CTs consumed (g DM) per minute, we multiplied the total number of bites taken from each plant species by the mean [CT] (mg/g DM) and by the mean bite size (g DM) for each plant species in each season. Since it was not possible to estimate bite sizes from the field, we, estimated the bite size in a pen experiment. Bite size was not only important in estimating the amount of food (g DM) per bite (which was used in estimating CT intake), but it was also important in estimating intake rates achievable from each forage species. During each of the two seasons (one day after the field observations), we selected 10 of the study goats and penned them individually under a shelter. At least 10 un-browsed branches of each of the plant species that were included by goats in the diet during field observations, were collected from the sites in which the field observations were done. We then estimated the bite sizes (g DM per bite) according to Mkhize et al. [45] .
For each plant species we estimated the average proportion inclusion in the diet of each goat. This percentage was calculated as the quotient of the consumption (g DM) of each plant species and total consumption of all species during an observation multiplied by 100.
Data analysis
Differences in (1) CT intake rate, (2) bite rates, (3) length of feeding bouts and (4) intake (g DM) by goats from different treatment groups were analysed with linear models using a manual backward selection of variables. In each model, season (dry and wet), treatment (PEG, CT and control) and time of day (early morning, late morning and afternoon) were fixed factors, while the paddock served as a random factor. The unstandardized residuals of CT intake rates model were normally distributed only after a natural log transformation. All other response variables met the normality and variance homogeneity assumptions without any transformation. A generalized linear model, with a Poisson distribution was used to analyse the effect of season, treatment and time of the day on (1) the number of forage species in the diet and (2) the number of foraging bouts. We applied a Sidak test for pairwise comparisons between different treatment groups, seasons and times of the day. We also conducted a simple regression analysis of CT content and consumption. All analyses were performed using SPSS, v20 (IBM SPSS Statistics; Chicago, IL, USA). 
Results
There was a significant interaction between treatment and season on CT intake rates of freeranging goats (F 2,533 = 11.69; P < 0.001; Fig 1) . All goats, except for those that were dosed with PEG, achieved lower CT intake rates in the wet than in the dry season (Fig 1) . In both seasons, control and CT-dosed goats tended to consume CTs at lower rates than the PEG-dosed goats. Although further analysis showed a gradual decline in CT intake rates from early-morning to the afternoon across all treatments, the time of the day did not significantly influence CT intake rates.
The number of forage species included by goats from all treatment groups was the same during the dry season and slightly, but not significantly increased for CTs and control goats in wet season. Dosing goats with PEG significantly increased the number of dietary plant species included in the diet during the wet season (Wald X 2 = 15.53; P < 0.001, Fig 2) . Goats dosed Table 1 ).
The distinctive nature of biting by goats when grazing and browsing necessitated separate bite rate analysis for browsing and grazing. Bite rate on browse forages was significantly influenced by the interaction between season and treatment (F 2,517 = 3.15; P = 0.044; Fig 3) . The bite rates achieved by goats across the treatment groups were consistently lower in the dry season and almost doubled in the wet season (Fig 3) . Interestingly, the bite rates while grazing were only influenced by season (F 1,530 = 8.75; P = 0.003), with significantly higher rates in the dry than in the wet season.
Although the number of browsing bouts was affected by the interaction between season and treatment (Wald X 2 = 171.47; P < 0.001), only the goats that were dosed with PEG during dry season had a significantly higher number of browsing bouts (Fig 4) . The number of browsing bouts was also influenced by the interaction between the season and time of the day (Wald X 2 = 19.42; P < 0.001), with significant differences during the late morning and afternoon foraging periods (Fig 5) . The season x treatment interaction also influenced the number of grazing bouts (Wald X 2 = 10.17; P = 0.006), with the CT-goats recording the highest and the PEG goats recording the lowest number of grazing bouts in both seasons (Fig 6) . Browsing bout length differed significantly among seasons and treatments (F 2,3414 = 7.81; P < 0.001), with the goats treated with PEG achieving the longest and CT-dosed goats achieving the shortest bouts in both seasons (Fig 7) . The opposite was found for the grazing bout length (Fig 8) . which was also affected by the interaction between season and treatment (F 2,530 = 8.09; P < 0.001).
Discussion
We tested the hypothesis that the foraging behaviour of free-ranging goats enables them to regulate intake rates of CTs in the African savannas. Condensed tannins are well known to influence foraging behaviour in controlled feeding experiments [46, 47] . As predicted, goats that were pre-dosed with CTs achieved lower intake rates of CTs than the PEG group. Reduced consumption rates of CTs by CT-dosed and control goats were likely a physiological strategy to contend with the adverse effects of CTs on nutrient metabolism [48] . PEG is potentially a powerful anti-CT agent in the context of animal nutrition [10] , and was used in this study to experimentally create different levels of CT stress among the study goats. While PEG has widely been used indiscriminately to bind CTs in similar studies, it is still not clear whether other tannins and phenolic compounds are not also bound by this compound [30] . Dosing goats with CTs constrained their CT intake rate, PEG goats seemed to be relieved from this CT constrain. PEG is known to preferentially bind CTs, thereby reducing the CTs' detrimental protein-binding effects [49, 50, 51] . Our results suggest a limited ability of goats to reduce CT intake rate in the dry season, and we found higher amounts and rates of CT intake during dry season. This was in line with findings of other studies [52, 53] . One explanation for this is the loss of leaves among deciduous trees during the dry season. Goats have fewer options and have to optimally utilize those available options to meet their nutritional needs. One coping strategy, which is discussed in detail later, is to reduce the length, while increasing the number, of feeding bouts during the dry season.
Cautious sampling and diet mixing by herbivores have been assumed to generally increase the intake of forages that are rich in secondary metabolites [7, 54] . The current results based on CTs did not support this notion owing to the plant secondary metabolites in question being only digestibility reducers and not toxins. In explaining these results it is important to note that no data were available on whole spectrum of the bioactive chemicals in the study area which may serve as a limitation for ecological studies that measure presence of one tannin (CTs) in a system where other types of tannins such as hydrolysable tannins [30, 55] , ellagitannins [29] and other phenolic compounds may also be present [28] . Pre-dosing goats with CTs or PEG did not influence dietary botanical diversity of goats. However, the results show the number of dietary species to be consistently higher for all treatments in the wet than in the dry season. Season may have influenced the number of dietary forages through reducing browse forage availability in dry season. This is a common phenomenon for the seasonal semi-arid African savannas [56, 57] . Deciduous species lose leaves during dry season, thus limiting the forage options for mixed feeders and browsing herbivores to a few evergreen woody species and grass. Dosing goats with CTs in the wet season forced them to focus their foraging on grass [58] . It also increased the grazing bout length and the number of grazing bouts at the expense of browsing bouts. This may indicate the existence of a threshold for CT intake above How goats regulate intake of CTs which a higher dietary species diversity does not benefit herbivores. Hence the number of dietary species was similar between the CT-dosed goats and the control goats. The high species diversity among PEG dosed goats may suggest that goats were more tolerant for CT rich forages which enabled them to include more species in their diet. On the other hand, pre-dosing goats with CTs forced goats to select and consume a diet that is lower in CTs in the field.
Herbivores can modify their intake patterns as an important strategy to minimize consumption of plant secondary metabolites [59] . Specific behavioural modifications that goats use to regulate intake of plant secondary metabolites include adjusting their total intake, intake rate, length and/or number of bouts, length between feeding bouts, or to switch their diet composition [6, 7, 12, 59] . We predicted pre-dosing goats with CTs to increase the number of foraging bouts while at the same reducing the length of foraging bouts, as a means to regulate intake rates of CTs. Bite rates appeared to be influenced more by the season than by treatment. We also predicted that pre-dosing goats with CTs would reduce bite rates, thereby reducing their How goats regulate intake of CTs intake rates, especially intake rates of CT rich species. A clear difference between the goats dosed with PEG and those from the other two groups indicated some potential effects of CTs on browse bout and browse bout length. For example, PEG goats achieved the highest number of bouts during the dry season, the season in which they achieved the highest CT intake rates. The control group and the CT-dosed goats achieved less frequent bouts in the dry season compared to PEG dosed goats possibly due to them achieving CT satiation levels sooner than their PEG counterparts. This supports previous studies that have shown CTs to limit diet intake although this study is further demonstrating the effects under field conditions. There were no differences in number of feeding bouts during the wet season. The higher number of grazing bouts by CT-dosed and control goats shows that these goats preferred to graze than browsing, possibly due to higher CT content in browse compared to grass (see Table 1 ). The consistent similarities in terms of bite rates, bout number and bout length between CTs and control groups may suggest a similar CT stress level between these two groups. This may therefore How goats regulate intake of CTs indicate that our CTs treatment was not as effective in stressing foraging behaviour as anticipated, or that the control goats were already heavily CT-stressed. Our results were obtained from free-ranging goats, which allowed the goats to make a broader choice from the available forage species than those in previous studies in pens [27] . Previous studies on the effects of plant secondary metabolites on meal patterns were done with captive animals, which may have had fewer behavioural options than free-ranging animals. Although our study did not show CTs to significantly reduce bite rates as we expected, the results indicated that CTs do not only constrain overall intake of CT-rich plants but they also alter their short-term foraging behaviour.
These results support our hypothesis that the foraging behaviour of free-ranging herbivores in the African savannas enables them to control intake rates of CTs. Although more work is still needed to further explain the mechanisms governing CT-intake regulation, this study demonstrates that pre-dosing herbivores with CTs reduced their consumption rate of woody How goats regulate intake of CTs plants (CT-containing forages) in favour of grass. We interpret this reduction in CT intake rate as the need for herbivores to regulate CT intake [9] in an effort to decrease the digestibility-reducing effects. We demonstrated that pre-dosing herbivores with CTs leads to significant alterations by animals in numbers of foraging bouts and length of foraging bouts. We explained the observed foraging alterations as means to regulate intake rates of CTs. Although pre-dosing goats with CTs did not reduce bite rates, reduced bout length or increased the number of foraging bouts, pre-dosing with PEG evidently decreased CT-stress in the field. Thus we concluded that herbivores under natural conditions alter their bite rate, bout number and bout length in ways that regulate CT consumption. However, given that tannins are highly variable in structure and tannin composition varies even individuals and organs of the same plant species [8, 29] , more research is needed to provide ecologists and chemists alike with alternative methods that allow holistic investigation of important research questions such those addressed in this paper. 
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